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ELECTRODE CONFIGURATIONS FOR
SEMICONDUCTOR DEVICES

TECHNICAL FIELD

This invention relates to semiconductor electronic devices,
specifically devices with electrodes connected to field plates.

BACKGROUND

To date, modern power semiconductor diodes such as high-
voltage P-I-N diodes, as well as power transistors such as
power MOSFETs and Insulated Gate Bipolar Transistors
(IGBT), have been typically fabricated with silicon (S1) semi-
conductor materials. More recently, silicon carbide (Si1C)
power devices have been researched due to their superior
properties. I1I-Nitride (I1I-N) semiconductor devices are now
emerging as an attractive candidate to carry large currents and
support high voltages, and provide very low on resistance,
high voltage device operation, and fast switching times. As
used herein, the terms I1I-N or III-Nitride matenals, layers,
devices, etc., refer to a material or device comprised of a
compound semiconductor material according to the stoichio-
metric formula Al In Ga, N, where x+y+z 1s about 1.

Examples of III-N high electron mobility transistors
(HEMTs) and III-N diodes, respectively, of the prior art are
shown 1n FIGS. 1 and 2. The II1I-N HEMT of FIG. 1 includes
a substrate 10, a III-N channel layer 11, such as a layer of
(GaN, atop the substrate, and a III-N barrier layer 12, such as
a layer of Al Ga,_ N, atop the channel layer. A two-dimen-
sional electron gas (2ZDEG) channel 19 1s induced 1n the
channel layer 11 near the interface between the channel layer
11 and the barner layer 12. Source and drain contacts 14 and
15, respectively, form ohmic contacts to the 2DEG channel.
(Gate contact 16 modulates the portion of the 2DEG in the gate
region, 1.e., directly beneath gate contact 16. The I1I-N diode
of FI1G. 2 includes similar I1I-N material layers to those of the
I[II-N HEMT of FIG. 1. However, the I1I-N diode of FIG. 2
only includes two contacts, an anode contact 27 and a cathode
contact 28. The anode contact 27 1s formed on the III-N
barrier layer 12, and the cathode contact 28 1s a single contact
which contacts the 2DEG 19. The anode contact 27 1s a
Schottky contact, and the single cathode contact 28 1s an
ohmic contact. In FIG. 2, while there appears to be two
cathode contacts, the two contacts are in fact electrically
connected so as to form a single cathode contact 28.

Field plates are commonly used 1n III-N devices to shape
the electric field 1n the high-field region of the device 1n such
a way that reduces the peak electric field and increases the
device breakdown voltage, thereby allowing for higher volt-
age operation. An example of a field plated III-N HEMT of
the prior art 1s shown 1n FIG. 3. In addition to the layers
included 1in the device of FI1G. 1, the device in FIG. 3 includes
a field plate 18 which 1s connected to gate 16, and an 1nsulator
layer 13, such as a layer of SiN, 1s between the field plate and
the III-N barrier layer 12. Field plate 18 can include or be
formed of the same maternal as gate 16. Insulator layer 13 can
act as a surface passivation layer, preventing or suppressing
voltage fluctuations at the surface of the I1I-N material adja-
cent to 1sulator layer 13.

Slant field plates have been shown to be particularly effec-
tive 1n reducing the peak electric field and increasing the
breakdown voltage 1n I1I-N devices. A prior art I1I-N device
similar to that of FIG. 3, but with a slant field plate 24, 1s
shown in FI1G. 4. In this device, gate 16 and slant field plate 24
are formed of a single electrode 29. Insulator layer 23, which
can be SiN, 1s an electrode-defining layer that contains a

10

15

20

25

30

35

40

45

50

55

60

65

2

recess which defines at least 1n part the shape of electrode 29.
Electrode-defining layer 23 can also act as a surface passiva-

tion layer, preventing or suppressing voltage fluctuations at
the surface of the III-N material adjacent to electrode-defin-
ing layer 23. The gate 16 and slant field plate 24 1n this device
can be formed by first depositing electrode-defining layer 23
over the entire surface of III-N barrier layer 12, then etching
a recess through the electrode-defining layer 23 in the region
containing gate 16, the recess including a slanted sidewall 25,
and finally depositing electrode 29 at least in the recess and
over the slanted sidewall 25. Similar slant field plate struc-
tures can be formed in III-N diodes. For example, a III-N
diode similar to that of FIG. 2 can also include a slant field
plate connected to the anode contact 27.

Slant field plates, such as field plate 24 1n FIG. 4, tend to
spread the electric fields 1n the device over a larger volume as
compared to conventional field plates, such as field plate 18 1n
FIG. 3, which do not include a slanted portion. Hence, slant
field plates tend to be more effective at reducing the peak
clectric field 1n the underlying device, thereby allowing for
larger operating and breakdown voltages.

While slant field plates are desirable for many applications,
they can be difficult to fabricate reproducibly. Field plate
structures that can provide adequate suppression of peak elec-
tric fields and can be fabricated reproducibly are therefore
desirable.

SUMMARY

In one aspect, a III-N semiconductor device 1s described
that includes an electrode-defining layer having a thickness
on a surface of a III-N material structure. The electrode-
defining layer has a recess with a sidewall, the sidewall com-
prising a plurality of steps. A portion of the recess distal from
the I1I-N material structure has a first width, and a portion of
the recess proximal to the III-N material structure has a sec-
ond width, the first width being larger than the second width.
An electrode 1s 1n the recess, the electrode including an
extending portion over the sidewall of the recess. A portion of
the electrode-defining layer 1s between the extending portion
and the I1I-N material structure. The sidewall forms an effec-
tive angle of about 40 degrees or less relative to the surface of
the II1I-N matenal structure.

In another aspect, a III-N semiconductor device 1s
described that includes an electrode-defining layer having a
thickness on a surface of a I1I-N matenal structure. The elec-
trode-defining layer has a recess with a sidewall, the sidewall
comprising a plurality of steps. A portion of the recess distal
from the III-N material structure has a first width, and a
portion of the recess proximal to the III-N material structure
has a second width, the first width being larger than the
second width. An electrode 1s 1n the recess, the electrode
including an extending portion over the sidewall of the recess.
A portion of the electrode-defining layer 1s between the
extending portion and the III-N material structure. At least
one of the steps in the sidewall has a first surface that is
substantially parallel to the surface of the I1I-N material struc-
ture and a second surtace that 1s slanted, the second surtace
forming an angle of between 5 and 85 degrees with the sur-
tace of the III-N matenal structure.

Devices described herein may include one or more of the
tollowing features. The 11I-N material structure can include a
first II1I-N material layer, a second II1I-N material layer, and a
2DEG channel induced 1n the first III-N matenal layer adja-
cent to the second III-N material layer as a result of a com-
positional difference between the first III-N matenial layer
and the second III-N material layer. The first III-N material
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layer can include GaN. The second III-N material layer can
include AlGaN or AllnGaN. A third III-N material layer can
be included between the first III-N material layer and the
second I1I-N matenal layer. The third I1I-N material layer can
include AIN. The first I1II-N material layer and the second
I1I-N material layer can be group I1I-face or [0 0 0 1] oriented
or group-III terminated semipolar layers, and the second
I1I-N material layer can be between the first III-N material
layer and the electrode-defiming layer. The first I1I-N material
layer and the second I1I-N material layer can be N-face or [0
0 0 1 bar] ontented or nitrogen-terminated semipolar layers,
and the first III-N material layer can be between the second
I1I-N material layer and the electrode-defining laver.

The recess can extend through the entire thickness of the
clectrode-defining layer, or into the III-N material structure,
or through the 2DEG channel. The recess can extend at least
30 nanometers into the III-N material structure. The recess
can extend partially through the thickness of the electrode-
defining layer. The electrode-defining layer can have a com-
position that 1s substantially uniform throughout. The elec-
trode-defining layer can include SiN_. A thickness of the
clectrode-defining layer can be between about 0.1 microns
and 5 microns.

A dielectric passivation layer can be included between the
I1I-N material structure and the electrode-defining layer, the
dielectric passivation layer directly contacting a surface of the
I1I-N material adjacent to the electrode. The dielectric passi-
vation layer can include S1N _. The dielectric passivation layer
can be between the electrode and the I1I-N material structure,
such that the electrode does not directly contact the III-N
material structure. An additional insulating layer can be
included between the dielectric passivation layer and the elec-
trode-defining layer. The additional insulating layer can
include AIN. The additional insulating layer can be less than
about 20 nanometers thick.

The extending portion of the electrode can function as a
field plate. The electrode can be an anode, and the device can
be a diode. The electrode can be a gate, and the device can be
a transistor. The device can be an enhancement-mode device,
or a depletion-mode device, or a high-voltage device. The
elfective angle can be about 20 degrees or less, and a break-
down voltage of the device can be about 100V or larger. The
elfective angle can be about 10 degrees or less, and a break-
down voltage of the device can be about 300V or larger.

At least one of the steps can have a first surface that 1s
substantially parallel to the surface of the I1I-N material struc-
ture and a second surface that 1s substantially perpendicular to
the surface of the III-N material structure. At least one of the
steps can have a first surface that 1s substantially parallel to the
surface of the I1I-N material structure and a second surface
that 1s slanted, the second surface forming an angle of
between S5 and 85 degrees with the surface of the I1I-N mate-
rial structure. The extending portion can directly contact the
sidewall.

In another aspect, a method of forming a III-N device 1s
described that includes forming an electrode-defining layer
having a thickness on a surface of a III-N matenial structure,
and patterning a masking layer over the electrode-defining
layer, the masking layer including an opening having a width.
Themethod also includes etching the electrode-defining layer
to form a recess therein, the recess having a sidewall which
comprises a plurality of steps. A portion of the recess distal
from the III-N material structure has a first width, and a
portion of the recess proximal to the III-N matenal structure
has a second width, the first width being larger than the
second width. The method further includes removing the
masking layer, and forming an electrode 1n the recess, the
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clectrode 1including an extending portion over the sidewall. A
portion of the electrode-defining layer 1s between the extend-
ing portion and the I1I-N material structure. The etching step
includes a first procedure and a second procedure, the first
procedure comprising removing a portion of the electrode-
defining layer, and the second procedure comprising remov-
ing a portion of the masking layer without entirely removing
the masking layer. The second procedure causes an increase
in the width of the opening in the masking layer.

Methods described herein can include one or more of the
following. The first procedure can be performed a second
time after the second procedure has been performed. The
second procedure can be performed a second time after the
first procedure has been performed a second time. The mask-
ing layer can include photoresist, and the photoresist in the
masking layer can be redistributed prior to performing the
ctching step. Redistributing the photoresist can include ther-
mally annealing the photoresist. Redistributing the photore-
s1st can cause the masking layer to have slanted sidewalls
adjacent to the opening. The etching step can result 1n the
recess extending through the entire thickness ol the electrode-
defining layer. The etching step can be a first etching step, and
the method can further comprise a second etching step result-
ing 1n the recess further extending into the III-N material
structure.

The device can further comprise an additional dielectric
layer having a thickness between the electrode-defining layer
and the II1I-N material structure. The etching step can result 1in
the recess further extending through the entire thickness of
the additional dielectric layer. The electrode can be an anode,
and the III-N device can be a diode. The electrode can be a
gate, and the I1I-N device can be a transistor. The etching step
can result 1n the sidewall forming an effective angle of about
40 degrees or less relative to the surface of the I1I-N material
structure. The etching step can result in at least one of the
steps 1n the sidewall having a first surface that 1s substantially
parallel to the surface of the III-N material structure and a
second surface that 1s slanted, the second surface forming an
angle of between 5 and 85 degrees with the surface of the
III-N maternal structure.

III-N devices which can be fabricated reproducibly, can
support high voltages with low leakage, and at the same time
can exhibit low on-resistance and high breakdown voltage,
are described. Methods of forming the devices are also
described. The III-N devices described herein can be transis-
tors or diodes, and can be high-voltage devices suitable for
high voltage applications. The details of one or more 1mple-
mentations of the imnvention are set forth 1n the accompanying
drawings and description below. Other features and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional view of a III-N HEMT device of
the prior art.

FIG. 2 1s a cross-sectional view of a I1I-N diode of the prior
art.

FIGS. 3-4 are cross-sectional views of III-N HEMT
devices of the prior art.

FIG. 5 1s a cross-sectional view of one implementation of a
IT1I-N diode.

FIG. 6 1s a plan view of the electrode layout of a III-N

diode.
FIG. 7 1s a cross-sectional view of another implementation

of a ITII-N diode.
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FIG. 8 1s a cross-sectional view of one implementation of a
I1I-N HEMT device.

FI1G. 9 1s a cross-sectional view of another implementation
of a I1I-N diode.

FIG. 10 1s a cross-sectional view of another implementa-
tion of a III-N HEMT device.

FIGS. 11-20 illustrate a method of forming the I1I-N diode
of FIG. 5.

Like reference symbols 1n the various drawings indicate
like elements.

DETAILED DESCRIPTION

Devices based on I1I-N heterostructures are described. An
clectrode of the device 1s designed such that the device can be
tabricated reproducibly, can support high voltages with low
leakage, and at the same time can exhibit low on-resistance.
Methods of forming the devices are also described. The I1I-N
devices described herein can, for example, be transistors or
diodes, and can be high-voltage devices suitable for high
voltage applications. In such a high-voltage diode, when the
diode 1s reverse biased, the diode 1s at least capable of sup-
porting all voltages less than or equal to the high-voltage in
the application in which it 1s used, which for example may be
100V, 300V, 600V, 1200V, 1700V, or higher. When the diode
1s forward biased, 1t 1s able to conduct substantial current with
a low on-voltage. The maximum allowable on-voltage 1s the
maximum voltage that can be sustained 1n the application in
which the diode 1s used. When a high voltage transistor 1s
biased off (1.¢., the voltage on the gate relative to the source 1s
less than the transistor threshold voltage), 1t 1s at least capable
of supporting all source-drain voltages less than or equal to
the high-voltage 1n the application in which it 1s used. When
the high voltage transistor 1s biased on (i.¢., the voltage on the
gate relative to the source 1s greater than the transistor thresh-
old voltage), 1t 1s able to conduct substantial current with a
low on-voltage. The maximum allowable on-voltage 1s the
maximum voltage that can be sustained 1n the application in
which the transistor 1s used.

Referring to FIG. 4, for a given thickness of the electrode-
defining layer 23, the horizontal length of the region which
the electric field 1s spread over, resulting from inclusion of the
slant field plate 24, 1s largely determined by the angle 26
which the field plate forms with the surface 28 of the under-
lying I1I-N maternal structure. A smaller angle 26 results 1n a
greater spreading of the electric fields, allowing for corre-
spondingly larger operating and breakdown voltages of the
device. For example, 1n a III-N device with an electrode-
defining layer 23 which 1s about 0.85 microns thick, an angle
of about 40 degrees or less may be required for reliable 50V
or 100V operation, whereas an angle of about 10 degrees or
less may be required for reliable 300V or 600V operation.
However, i1t can be difficult to reproducibly fabricate slant
field plates 24 with such small angles 26. A field plate struc-
ture which allows for comparable device operating and break-
down voltages but which can be fabricated reproducibly is
necessary for large scale manufacturing.

As 1llustrated 1n FIGS. 5-10, the III-N devices described
herein are transistors and diodes that each include an elec-
trode-defining layer on top of a III-N material structure. The
clectrode-defining layer includes a recess, and an electrode 1s
in the recess. The width at the top of the recess 1s greater than
the width at the bottom of the recess. The electrode includes
an extending portion which 1s over a portion of the electrode-
defining layer and functions as a field plate. The electrode 1s
deposited conformally 1n the recess 1n the electrode-defining
region with the extending portion over a sidewall of the
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recess. Hence, the profile of the extending portion 1s at least
partially determined by the profile of the sidewall. The side-
wall of the recess underneath the extending portion of the
clectrode 1includes a plurality of steps. The sidewall forms an
cifective angle relative to the uppermost surface of the under-
lying III-N material structure. The effective angle can be
small enough to allow for high voltage operation of the
device, as required by the circuit application 1in which the
device 1s used.

Referring to FIG. 5, a I1I-N diode 1includes a substrate 10,
a first I1I-N layer 11 on top of the substrate, and a second I11-N

layer 12 on top of the first III-N layer. II1I-N layers 11 and 12

have different compositions from one another, the composi-
tions selected such that a two-dimensional electron gas
(2DEG) 19 (illustrated by a dashed line), 1.e., a conductive
channel, 1s induced 1n the first III-N layer 11 near the interface
between the first and second III-N layers 11 and 12, respec-
tively.

An electrode-defining layer 33 1s formed over the second
III-N layer 12, the electrode-defining layer 33 including a
recess 1 which anode contact 39 1s subsequently formed,
extending through the entire thickness of the electrode-defin-
ing layer 33. The electrode-defining layer 1s typically
between about 0.1 microns and 5 microns thick, such as about
0.85 microns thick. The electrode-defining layer 33 can have
a composition that 1s substantially uniform throughout. The
clectrode-defining layer 33 1s formed of an insulator, such as
S1IN_. An anode contact 39 formed 1n the recess contacts the
upper surface of the second III-N layer 12 inregion 41 of the
device. The anode contact 39 includes an extending portion
34, lying over a portion of the electrode-defining layer 33, that
functions as a field plate. The anode contact 39 1s deposited
conformally 1n the recess 1n the electrode-defining layer 33
with the extending portion 34 over a sidewall 43 of the recess,
the sidewall 43 extending from the portion of the electrode-
defining layer 33 which 1s closest to region 41 (1.¢., point 44)
all the way to the point 45 at the top of the electrode-defining
layer 33 just beyond where the electrode-defining layer 33
becomes substantially flat. Hence, the profile of the extending
portion 1s at least partially determined by the profile of the
sidewall 43. A single cathode contact 28 1s formed which
contacts the 2DEG 19 and 1s 1n close proximity to at least a
portion of anode contact 39. The anode contact 39 1s a Schot-
tky contact, and the single cathode contact 28 1s an ohmic
contact.

As used herein, the term “single cathode contact” refers to
either a single metallic contact which serves as a cathode, or
to a plurality of contacts serving as cathodes which are elec-
trically connected such that the electric potential at each
contactis about the same, or 1s intended to be the same, during
device operation. In the cross-sectional view of FIG. 5, while
there appear to be two cathode contacts, the two contacts are
in fact electrically connected so as to form a single cathode
contact 28. This 1s shown more clearly 1n FIG. 6, which 1s a
plan view diagram of the diode of FIG. 5. As used herein, two
or more contacts or other elements are said to be “electrically
connected” 1f they are connected by a material which 1s sui-
ficiently conducting to ensure that the electric potential at
each of the contacts or other elements 1s about the same, or 1s
intended to be the same, at all times during operation.

FIG. 6 15 a plan view (top view) of an electrode configura-
tion that may be used 1n the device of FIG. 3, and includes
alternating “fingers” of cathode contact 28 and anode contact
39, connected to cathode and anode contact pads shown on
the top and bottom, respectively, of FIG. 6. While the cross-
sectional view of FIG. 5 only 1llustrates a single anode finger
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and two cathode fingers, additional cathode and anode fingers
can be added, as shown 1n FIG. 6.

Referring back to FIG. 5, the diode may also optionally
include a passivation layer 22 which contacts the 11I-N mate-
rial surface at least between the anode and cathode contacts 5
39 and 28, respectively, and an additional dielectric layer 21
between the passivation layer 22 and the electrode-defiming,
layer 33. The device may also include additional 11I-N layers
(not shown), for example a I1I-N butler layer between the first
I1I-N layer 11 and the substrate 10, or a III-N layer such as 10
AIN between the first III-N layer 11 and the second III-N
layer 12.

The diode 1n FIG. 5 operates as follows. When the voltage
at the anode contact 39 1s less than that at the cathode contact
28, such that the Schottky junction between anode contact 39 15
and III-N layer 12 1s reverse biased, the diode 1s 1n the OFF
state with only a small reverse bias current flowing between
the anode and cathode. Ideally, the reverse bias current 1s as
small as possible. When the voltage at the anode contact 39 1s
greater than that at the cathode contact 28, the Schottky junc- 20
tion between anode contact 39 and I1I-N layer 12 1s forward
biased, and the diode 1s 1n the ON state. In this state, a
substantial electron current flows from the cathode contact 28
predominantly through the 2DEG 19 and then through the
torward biased Schottky junction into the anode contact 39. 25
At least 99% of the total forward bias current flows from the
anode to the cathode through the Schottky barrier and through
the 2DEG channel. A small amount of leakage current can
flow through other paths, such as along the surface of the
device. 30

As stated earlier, III-N layers 11 and 12 have different
compositions from one another. The compositions are
selected such that the second III-N layer 12 has a larger
bandgap than the first III-N layer 11, which helps enable the
formation of 2DEG 19. If III-N layers 11 and 12 are com- 35
posed of 11I-N material oriented 1n a non-polar or semi-polar
orientation, then doping all or part of the second semiconduc-
tor layer 12 with an n-type impurity may also be required to
induce the 2DEG 19. Ifthe I1I-N layers 11 and 12 are oriented
in a polar direction, such as the [0 0 0 1] (1.e., group IlI-face) 40
orientation, then 2DEG 19 may be induced by the polariza-
tion fields without the need for any substantial doping of
either of the III-N layers, although the 2DEG sheet charge
concentration can be increased by doping all or part of the
second III-N layer 12 with an n-type impurity. Increased 45
2DEG sheet charge concentrations can be beneficial 1n that
they can reduce the diode on-resistance, but they can also lead
to lower reverse breakdown voltages. Hence the 2DEG sheet
charge concentration preferably 1s optimized to a suitable
value for the application 1n which the diode 1s used. 50

I1I-N maternials can be used for layers 11 and 12, the com-
positions of these layers being chosen such that the require-
ments for layers 11 and 12 are satisfied. As an example, I1I-N
layer 11 can be GaN and III-N layer 12 can be AlGaN or
AllnGaN, whereas layer 12 can be n-doped or can contain no 55
significant concentration of doping impurities. In the case that
layer 12 1s undoped, the mmduced 2DEG results from the
difference in polarization fields between layers 11 and 12.
The III-N material configurations for the diode described
above can also be used 1n a [II-N HEMT device, as seen, for 60
example, in FIGS. 1, 3, and 4. Hence, the diodes described
herein can be integrated with III-N HEMT devices onto a
single chip, thereby simplifying the fabrication process and
reducing cost of circuits that require both diodes and HEMTs.

Substrate 10 can be any suitable substrate upon which III-N 65
layers 11 and 12 can be formed, for example silicon carbide
(S1C), silicon, sapphire, GaN, AIN, or any other suitable
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substrate upon which III-N devices can be formed. In some
implementations, a III-N buffer layer (not shown) such as
AlGaN or AIN 1s included between substrate 10 and semi-
conductor layer 11 to minimize material defects in layers 11
and 12.

The diode of FIG. 5 optionally includes a passivation layer
22 and an additional dielectric layer 21. Passivation layer 22,
formed of an insulating dielectric matenal, such as S1N_, atop
the second III-N layer 12, maintains efiective passivation of
the uppermost I1I-N surface of the device. As used herein, a
“passivation layer” refers to any layer or combination of
layers grown or deposited on a surface of a semiconductor
layer 1n a semiconductor device which can prevent or sup-
press voltage fluctuations at the surface during device opera-
tion, thereby preventing or suppressing dispersion. For
example, a passivation layer may prevent or suppress the
formation of surface/interface states at the uppermost I1I-N
surface, or it may prevent or suppress the ability of surface/
interface states to trap charge during device operation. Addi-
tional dielectric layer 21, which 1s optionally included
between passivation layer 22 and electrode-defiming layer 33,
can sumplity device fabrication by serving as an etch stop
layer. Additional dielectric layer 21 can be formed of a mate-
rial for which an etch chemistry exists that can etch the
material of electrode-defining layer 33 but will not substan-
tially etch the material of additional dielectric layer 21. Addi-
tionally, because the anode contact 39 1s 1n contact with the
underlying III-N matenals, the recess 1n the electrode-defin-
ing layer 33 also extends entirely through the additional
dielectric layer 21 and the passivation layer 22. In some
implementations, passivation layer 22 and the additional
dielectric layer 21 are omitted, and electrode-defining layer
33 maintains elfective passivation of the uppermost III-N
surtace of the device.

Dispersion refers to a diflerence 1n observed current-volt-
age (I-V) characteristics when the device 1s operated under
RF or switching conditions, as compared to when the device
1s operated under DC conditions. In III-N devices, etlects
such as dispersion are often caused by voltage tluctuations at
uppermost I111-N surfaces, the result of charging of the surface
states during device operation. Accordingly, a passivation
layer such as layer 22 prevents or suppresses dispersion by
preventing or suppressing voltage fluctuations at the upper-
most III-N surface.

Referring to the diode of FI1G. 5, when passivation layer 22
1s included, electrode-defining layer 33 1n combination with
passivation layer 22 maintains elfective passivation of the
uppermost III-N surface of the device. When an additional
dielectric layer 21, such as AIN 1s included between the
passivation layer 22 and electrode-defining layer 33, the addi-
tional dielectric layer 21 may need to be made thin enough,
such as thinner than about 20 nm, thinner than about 10 nm,
or thinner than about 5 nm, to ensure that effective passivation
of the uppermost I1I-N surface 1s still maintained. Too thick
an additional dielectric layer 21, such as greater than about 20
nm, can degrade the passivation effects of layers 22 and 33.

The portion 35 of anode contact 39 that 1s formed upon the
surface of I1I-N layer 12 forms a Schottky contact to layer 12.
Cathode contact 28 contacts the 2ZDEG 19 1n ohmic region 49,
forming a substantially ohmic contact. Cathode contact 28
can contact the 2DEG 19 1n a number of ways. For example,
a metal or combination of metals can be deposited 1n ohmic
contact region 49 upon the surface of layer 12, followed by a
thermal anneal which results 1n the deposited metal forming a
metallic alloy with the underlying semiconductor material.
Other methods by which the 2DEG can be contacted include,
but are not limited to, 10n implantation of n-type dopants into
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ohmic region 49, followed by a metal deposition atop this
region, or by etching away the material in ohmic contact
region 49 and regrowing n-type material, followed by a metal
deposition atop this region. Anode contact 39 and cathode
contact 28 may be any arbitrary shape, although the shape 1s
ideally optimized to minimize the device area required for a
given forward current.

The sidewall 43 (and hence also the extending portion 34 of
the anode contact 39) includes a plurality of steps 46. FIG. 5
illustrates the case where three steps 46 are included. The
horizontal width of the uppermost step i1s defined to be the
average width of the other steps 1n the structure. Hence, the
end of the sidewall 43 closest to the cathode contact 28 (i.e.,
the position of point 435) 1s defined to be at the end of the
uppermost step. The sidewall 43 has an effective slope, which
1s equal to the slope of the dashed line 47 which passes
through point 44 to point 45. As such, the sidewall 43 forms an
cifective angle 36 with the uppermost surface of the underly-
ing III-N material structure.

For a given thickness of the electrode-defining layer 33, a
smaller effective angle 36 tends to correspond to a smaller
peak electric field 1n the underlying device. Hence, a smaller
elfective angle 36 tends to result in a device with a larger
breakdown voltage and improved reliability at higher operat-
ing voltages. For example, a device designed to operate at a
reverse bias of about S0V or 100V may require an effective
angle 36 which 1s about 40 degrees or smaller. A device
designed to operate at a reverse bias of about 200V may
require an effective angle 36 which 1s about 20 degrees or
smaller, and a device designed to operate at a reverse bias of
about 300V or 600V may require an elffective angle 36 which
1s about 10 degrees or smaller. While slant field plate struc-
tures with angles which are about 40 degrees or smaller tend
to be difficult to manufacture reproducibly, especially as the
clectrode-defining layer 33 1s made thicker, stepped field
plate structures, such as those shown in FIG. 5, can be much
more easily manufactured reproducibly with effective angles
which are about 40 degrees or smaller.

As seen 1n FIG. 5, each of the steps 46 includes two sur-
faces (although the steps could each include additional sur-
faces). A first surface of the step 46 1s substantially parallel to
the uppermost surface of the I1I-N matenal structure, while a
second surface 1s at an angle relative to the uppermost surface
of the III-N material structure. The second surface of the step
46 can be substantially perpendicular to the uppermost sur-
face of the I1I-N material structure, or the second surface can
be slanted, for example forming an angle between about 3
degrees and 85 degrees with the uppermost surface of the
I1I-N material structure. While it may be simpler to manufac-
ture a step 46 where the second surface 1s substantially per-
pendicular to the uppermost surface of the III-N material
structure, making the second surface slanted may be prefer-
able, as this can further reduce the peak electric field in the
underlying device, as well as allowing for a smaller effective
angle 36 of the sidewall 43 relative to the uppermost surface
of the III-N matenal structure.

Another implementation 1s shown in FIG. 7. The diode 1n
FI1G. 7 1s similar to that of FIG. 5, but the recess in the
clectrode-defining layer 33 further extends into the III-N
materials. As shown, the recess can extend at least through the
2DEG 19, such that the anode contact 39 1s 1n direct contact
with the first III-N layer 11 at the bottom of the recess.
Furthermore, 1t has been found that the depth of the recess
containing anode contact 39 1n FIG. 7 (that 1s, its depth below
the 2DEG 19) can control or vary shiits in the forward oper-
ating voltage V__, and correspondingly the reverse bias cur-
rent I of the device. Changing the depth of the aperture
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modifies the electric field profile 1in the III-N materials near
the portion of 2DEG 19 modulated by the voltage on the
anode contact 39. A deeper recess reduces the peak electric
field 1n the region near 2DEG 19 in much the same way as a
conventional field plate, thereby leading to devices with
higher forward operating voltages V__, lower reverse bias
currents I, and/or higher reverse breakdown voltages.

A III-N HEMT transistor which makes use of the stepped
field plate structure of the diodes shown in FIGS. § and 7 to
allow for high voltage operation as well as simplified and
reproducible manufacturing procedures i1s shown in FIG. 8.
As with the diodes of FIGS. 5 and 7, the I1I-N HEMT of FIG.
8 includes a substrate 10, a first I1I-N layer 11 on top of the
substrate, and a second III-N layer 12 on top of the first ITI-N
layer. ITII-N layers 11 and 12 have different compositions from
one another, the compositions selected such that a two-di-
mensional electron gas (ZDEG) 19 (illustrated by a dashed
line), 1.¢., a conductive channel, 1s induced 1n the first I1I-N
layer 11 near the interface between the first and second I1I-N
layers 11 and 12, respectively. An electrode-defining layer 33
1s Tormed over the second III-N layer, the electrode-defining
layer 33 including a recess which extends through the entire
thickness of the electrode-defiming layer 33. The electrode-
defining layer 33 is typically between about 0.1 microns and
5 microns thick, such as about 0.85 microns thick. The elec-
trode-defining layer 33 can have a composition that 1s sub-
stantially uniform throughout. The electrode-defining layer
33 1s formed of an 1nsulator, such as SiN _.

A gate 59 1s formed 1n the recess. The gate 59 includes an
active gate portion 61 1n gate region 51 of the device, as well
as an extending portion 54 which 1s over a portion of the
clectrode-defimng layer in the drain access region 53, the
extending portion 34 functioning as a field plate. The gate 59
1s deposited conformally 1n the recess 1n the electrode-defin-
ing region with the extending portion over a sidewall 43 of the
recess, the sidewall 43 extending from the portion of the
clectrode-defiming layer 33 which 1s closest to region 51 (i.e.,
point 44) all the way to the point 45 at the top of the electrode-
defining layer 33, just beyond where the electrode-defining
layer 33 becomes substantially flat. Hence, the profile of the
extending portion 1s at least partially determined by the pro-
file of the sidewall 43. Source and drain contacts 14 and 15,
respectively, are on opposite sides of the gate 59 and form
ohmic contacts to the 2DEG channel 19. The device may also
include additional III-N layers (not shown), for example a
III-N buffer layer between the first III-N layer 11 and the
substrate 10, or a III-N layer such as AIN between the first
IT1I-N layer 11 and the second III-N layer 12.

The III-N HEMT of FIG. 8 has a gate region 51, source and
drain access regions 52 and 33, respectively, on opposite sides
of the gate region, and ohmic regions 36. The source access
region 52 1s between the source contact 14 and portion 61 of
the gate, and the drain access region 53 1s between the drain
contact 15 and portion 61 of the gate. As with the diodes of
FIGS. 5 and 7, the I1I-N HEMT of FIG. 8 can also include a
passivation layer 22 which contacts the I1I-N material surface
at least 1n the access regions, and an additional dielectric layer
21 between the passivation layer 22 and the electrode-defin-
ing layer 33. However, as shown 1n FIG. 8, the recess in the
clectrode-defimng layer 33 can extend through the entire
thickness of the additional dielectric layer 21 but not through
the passivation layer 22. Hence, passivation layer 22 can be
between the I1I-N materials and portion 61 of the gate 59 in
the gate region 51, thereby serving as a gate insulator. A gate
insulator can help prevent gate leakage currents in the HEMT.

The III-N HEMT of FIG. 8 can be an enhancement-mode

(1.e., normally off, with a threshold voltage greater than 0V)
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or a depletion-mode (1.e., normally on, with a threshold volt-
age less than OV) dewce Other configurations for the II1I-N
HEMT of FIG. 8 are also possible. For example, 1n one
implementation, the recess in the electrode-defining layer 33
only extends partially through the thickness of the electrode-
defining layer 33, such that a portion of the electrode-defining
layer 33 1s between the 11I-N matenals and portion 61 of the
gate (not shown). In this case, electrode-defining layer 33 can
also function as a gate insulator, and 1t may be possible to omit
the passivation layer 22 and/or the additional dielectric layer
21. In another implementation, the recess in the electrode-
defining layer 33 additionally extends through the entire
thickness of the passivation layer 22, and the gate 59 directly
contacts the underlying III-N material (not shown). In yet
another implementation, the recess turther extends into the
I1I-N materals (not shown), such as through the 2ZDEG 19, as
with the diode of FIG. 7. In the case where the recess extends
through the 2DEG 19, the HEMT can be an enhancement-
mode device.

More implementations of devices with stepped field plate
structures are shown in FIGS. 9 and 10. FIG. 9 shows a
cross-sectional view of a diode similar to the device in FIG. 5,
but which 1s fabricated on III-N semiconductor material that
1s e1ther oriented 1n the N-polar [0 0 0 1 bar] direction or 1s a
nitrogen-terminated semipolar material. That 1s, the face of
the I1I-N materials furthest from the substrate 1s either a [0 O
0 1 bar]| face or 1s a nitrogen-terminated semipolar face. The
device includes a substrate 200 which 1s suitable for growth of
N-polar or semipolar III-N materials. Layer 201 1s a builer
layer, such as GaN or AIN, which reduces the defect density
in the overlying I11-N materal. In some cases, 1t 1s possible to
omit layer 201 and grow III-N layer 204 directly on the
substrate 200. The composition of I1I-N layers 204 and 202
are chosen such that a 2DEG 19 can be induced in layer 202
near the interface between layers 202 and 204. For example,
layer 204 can be AlGaN or AllnGaN, and layer 202 can be
(GalN. An additional III-N layer (not shown), such as a layer of
AIN, can be included between III-N layers 204 and 202.
Electrode-defining layer 33 1s similar to or the same as that
used in the diode of FIG. 5. Anode contact 39, which 1s
formed 1n the recess 1n the electrode-defining layer 33, con-
tacts the surface of I1I-N layer 202 opposite the substrate 200.
A single cathode contact 28 1s formed which contacts the
2DEG 19 and 1s 1n close proximity to at least a portion of
anode contact 39. The anode contact 39 1s a Schottky contact,
and the single cathode contact 28 1s an ohmic contact. As 1n
the diode of FIG. 5, a passivation layer 22, such as a layer of
S1N_, can be included on the uppermost surface of the I1I-N
material structure, and an additional dielectric layer 21, such
as a layer of AIN, can be included between the electrode-
defining layer 33 and the passivation layer 22. Similarly to the
diode of FIG. 7, the recess containing the anode contact 39
can also extend into the I1I-N material structure (not shown),
for example extending through the 2DEG 19, and the anode
contact 39 can contact III-N layer 204 at the bottom of the
recess.

FIG. 10 shows a cross-sectional view of a III-N HEMT
transistor similar to the device of FIG. 8, but which 1s fabri-
cated on III-N semiconductor material that 1s either oriented
in the N-polar [0 0 0 1 bar] direction or 1s a nitrogen-termi-
nated semipolar material. The device includes a substrate 200
which 1s suitable for growth of N-polar or semipolar I1I-N
materials. Layer 201 1s a buffer layer, such as GaN or AIN,
which reduces the defect density 1n the overlying I11-N mate-
rial. In some cases, it 1s possible to omit layer 201 and grow
I1I-N layer 204 directly on the substrate 200. The composition
of I1I-N layers 204 and 202 are chosen such that a 2DEG 19
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can be induced 1n layer 202 near the interface between layers
202 and 204. For example, layer 204 can be AlGaN or Alln-

GaN, and layer 202 can be GaN. An additional III-N layer
(not shown), such as a layer of AIN, can be included between
IT1I-N layers 204 and 202. Electrode-defining layer 33, which
again includes a recess, 1s similar to or the same as that of FIG.
8. A gate 59 1s formed 1n the recess. The gate 39 includes an
active gate portion 61 1n gate region 51 of the device, as well
as an extending portion 54 which 1s over a portion of the
clectrode-defiming layer in the drain access region 53, the
extendmg portion 54 functioning as a field plate. The gate 59
1s deposited conformally 1n the recess 1n the electrode-defin-
ing region with the extending portion over a sidewall 43 of the
recess, the sidewall 43 extending from the portion of the
clectrode-defining layer 33 which 1s closest to region 51 (i.e.,
point 44) all the way to the point 45 at the top of the electrode-
defining layer 33, just beyond where the electrode-defining
layer 33 becomes substantially flat. Hence, the profile of the
extending portion 1s at least partially determined by the pro-
file of the sidewall 43. Source and drain contacts 14 and 15,
respectively, are on opposite sides of the gate 59 and form
ohmic contacts to the 2DEG channel 19.

As 1 the HEMT of FIG. 8, a passivation layer 22, such as
a layer of S1N_, can be 1included on the uppermost surface of
the III-N material structure, and an additional dielectric layer
21, such as a layer of AIN, can be included between the
clectrode-defining layer 33 and the passivation layer 22. As
shown 1n FIG. 10, the recess 1n the electrode-defining layer 33
can extend through the entire thickness of the additional
dielectric layer 21 but not through the passivation layer 22,
such that passivation layer 22 also serves as a gate insulator.

The III-N HEMT of FIG. 10 can be an enhancement-mode
(1.e., normally off, with a threshold voltage greater than 0V)
or a depletion-mode (1.¢., normally on, with a threshold volt-
age less than 0V) dewce Other configurations for the III-N
HEMT of FIG. 10 are also possible. For example, 1n one
implementation, the recess 1n the electrode-defining layer 33
only extends partially through the thickness of the electrode-
defining layer 33, such that a portion of the electrode-defining
layer 33 1s between the I1I-N maternials and portion 61 of the
gate (not shown). In this case, electrode-defining layer 33 can
also function as a gate insulator, and it may be possible to omat
the passivation layer 22 and/or the additional dielectric layer
21. In another implementation, the recess in the electrode-
defining layer 33 additionally extends through the entire
thickness of the passivation layer 22, and the gate 59 directly
contacts the underlying III-N material (not shown). In yet

another implementation, the recess further extends 1nto the
IT1I-N maternials (not shown), such as through the 2DEG 19, as

in the diode of FIG. 7.

A method of forming the device of FIG. 5 1s 1llustrated 1n
FIGS. 11-20. Referring to FIG. 11, III-N material layers 11
and 12 are formed on substrate 10, for example by metalor-
ganic chemical vapor deposition (MOCVD) or molecular
beam epitaxy (MBE). Passivation layer 22, formed over the
I1I-N matenal layers 11 and 12, 1s then deposited by methods
such as MOCVD or plasma enhanced chemical vapor depo-
sition (PECVD). Next, as seen 1 FIG. 12, a cathode contact
28 1s formed which contacts the 2DEG 19 induced 1n the ITII-N
material layers. Cathode contact 28 can be formed 1n a num-
ber of ways. For example, a metal or combination of metals
can be deposited, for example by evaporation, sputtering, or
CVD, 1n ohmic contact region 49 upon the surface of layer 12,
followed by a thermal anneal which results 1n the deposited
metal forming a metallic alloy with the underlying semicon-
ductor material. Alternatively, n-type dopants can be 1on
implanted into ohmic region 49, followed by a metal deposi-
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tion by evaporation, sputtering, or CVD, atop this region. Or

the material 1n ohmic contact region 49 can be etched away,
n-type material can be regrown 1n this region by MOCVD or

MBE, and metal can then be deposited atop this region.

As seen 1 FIG. 13, the additional dielectric layer 21 and
clectrode-defining layer 33 are then deposited over passiva-
tion layer 22, for example by PECVD, sputtering, or evapo-
ration. A recess 1s then etched through the electrode-defining,
layer, for example by reactive 10n etching RIE or inductively
coupled plasma (ICP) etching. The procedure for forming the
recess 1s 1llustrated 1n FIGS. 14-19.

Referring to FIG. 14, a photoresist masking layer 71 1s
patterned on the electrode-defining 33 to have an opening 72.
Patterning can be performed by standard lithography proce-
dures. The photoresist 1n the masking layer 71 1s then redis-
tributed, for example by thermally annealing the structure,
resulting in the photoresist profile shown in FIG. 15. The
anneal 1s performed at a temperature that does not damage the
photoresist layer 71 or any of the underlying layers. As illus-
trated 1n FIG. 15, following the redistribution of the photore-
s1st, the photoresist masking layer has slanted sidewalls 73.
The resulting profile of the photoresist layer 71 and the side-
walls 73 can be controlled by varying anneal conditions, such
as anneal time, anneal temperature, and the chemistry of the
ambient gas 1n which the anneal 1s performed. For example, a
longer anneal time or a higher temperature may result 1n a
smaller slope 1n the sidewalls 73.

Referring to FIG. 16, the recess 1n the electrode-defining,
layer 33 1s then partially formed by performing a first etch
employing an etch chemistry that etches both the photoresist
in layer 71 and the material of the electrode-defining layer 33.
For example, 11 the electrode-defining layer 33 1s SiN_, the
first etch can be performed by Reactive Ion Etching (RIE) or
Inductively Coupled Plasma (ICP) etching using an etch
chemistry that includes O, and SF.. In some implementa-
tions, the first etch 1s a substantially anisotropic etch.

As 1llustrated 1n FIG. 17, a second etch 1s then performed
which etches the photoresist masking layer 71 without sub-
stantially etching the electrode-defining layer 33, thereby
increasing the width of the opeming 72. For example, 1f the
clectrode-defining layer 33 1s SiN_, the second etch can be
performed by Reactive Ion Etching (RIE) or Inductively
Coupled Plasma (ICP) etching using an etch chemistry that
includes only O,. In some 1implementations, the second etch
1s a substantially 1sotropic etch. A third etch 1s then performed
which, like the first etch, utilizes an etch chemistry that etches
both the photoresist 1in layer 71 and the material of the elec-
trode-defining layer 33, resulting 1in the profile of FIG. 18. The
photoresist etch procedure, followed by the procedure for
ctching both layers 71 and 33, are then repeated multiple
times, until the recess extends all the way through the elec-
trode-defining layer 33, resulting in the aperture having a
stepped sidewall. The photoresist masking layer 71 1s then
removed, for example by a solvent clean, resulting in the
profile shown 1n FI1G. 19. Additional dielectric layer 21 can be
formed of a matenial that 1s not substantially etched by the
etch procedure used to etch the recess 1n the electrode-defin-
ing layer 33.

Referring to FIG. 20, the portion of the additional dielectric
layer 21 which 1s adjacent to the recess in electrode-defining
layer 33 1s then removed, for example by performing an etch
which etches the material of the additional dielectric layer 21
but does not etch the matenal of electrode-defining layer 33 or
passivation layer 22. For example, when layers 33 and 22 are
both Si1N_, and layer 21 1s AIN, the portion of layer 21 adja-
cent to the recess 1n electrode-defining layer 33 can be chemi-
cally etched 1n a base, such as a photoresist developer. Next,
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a portion of the passivation layer 22 adjacent to the recess 1s
ctched, for example by RIE or ICP etching, resulting in the
structure of FIG. 20. Finally, electrode 39 1s deposited con-
formally 1n the recess, for example by evaporation, sputter-
ing, or CVD, and optionally the portion of layers 21 and 33
which are over the cathode contact 18 are removed, such as by
chemical wet etching, or by RIE or ICP etching, resulting 1n
the diode of FIG. 5.

The slanted angle of the sidewalls of each step structure 1n
the recess through the electrode-defining layer 33 results
from the slanted sidewall of the photoresist masking layer 71,
as 1llustrated in FIG. 15. If a vertical sidewall 1s desired
instead of a slanted sidewall for each step structure, then the
photoresist redistribution procedure described above can be
omitted, or altered to change the resulting photoresmt profile.

The devices of FIGS. 7-10 can be formed using slightly
modified versions of the methods described above. For
example, the device of FIG. 7 can be formed using the pro-
cedures described above, with one additional step. Once the
recess extends through the passivation layer 22 to the upper-
most surface of the I1I-N materials, and prior to deposition of
clectrode 39, the structure can be etched using an etch chem-
1stry that etches I1I-N materials at a higher etch rate than that
of the materials used for electrode-defining layer 33 and
passivation layer 22. For example, when electrode-defining
layer 33 and passivation layer 22 are both SiN _, a Cl, RIE or
ICP etch can be performed, resulting 1n the recess extending
into the I1I-N matenial structure. The device of FIG. 8 can be
tormed using the procedures described above, with the excep-
tions that source and drain ochmic contacts 14 and 15, respec-
tively, are formed 1n place of the cathode contact 18, and the
step of etching the passivation layer 22 1s omitted. The pro-
cedures for forming the devices of FIGS. 9 and 10 are the
same as the procedures for forming those of FIGS. 5 and 8,
respectively, with the exception that the III-N layers formed
on the substrate in FIGS. 9 and 10 have a different crystallo-
graphic orientation as compared to the I1I-N layers formed on
the substrate in FIGS. 5 and 8.

A number of implementations have been described. Nev-
ertheless, 1t will be understood that various modifications
may be made without departing from the spirit and scope of
the techniques and devices described herein. Features shown
in each of the implementations may be used independently or
in combination with one another. Accordingly, other imple-
mentations are within the scope of the following claims.

What 1s claimed 1s:

1. A method of forming a III-N device, comprising:

forming an electrode-defining layer having a thickness on
a surface of a III-N material structure that has a 2DEG
formed therein:

patterning a masking layer over the electrode-defining
layer, the masking layer including an opening having a
width;

performing an etching step, the etching step comprising
etching the electrode-defining layer beneath the opening,
to form a recess therein, the recess having a sidewall
which comprises a plurality of steps, a portion of the
recess distal from the I1I-N material structure having a
first width, and a portion of the recess proximal to the
IT1I-N material structure having a second width, the first
width being larger than the second width;

removing the masking layer; and

forming an electrode 1n the recess, the electrode including
an extending portion over the sidewall, a portion of the
clectrode-defining layer being between the extending
portion and the III-N material structure; wherein
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the etching step includes a first procedure and a second
procedure, the first procedure comprising removing a
portion of the electrode-defining layer, and the second
procedure comprising removing a portion of the mask-
ing layer without entirely removing the masking layer
and without substantially etching the electrode-defining
layer, the second procedure causing an increase in the
width of the opening 1n the masking laver,

wherein the masking layer comprises photoresist; wherein
the method further comprises redistributing the photo-
resist in the masking layer prior to performing the etch-
ing step; and wherein redistributing the photoresist
causes the masking layer to have slanted sidewalls adja-
cent to the opening.

2. The method of claim 1, wherein the first procedure 1s
performed a second time after the second procedure has been
performed.

3. The method of claim 2, wherein the second procedure 1s
performed a second time after the first procedure has been
performed a second time.

4. The method of claim 1, wherein redistributing the pho-
toresist comprises thermally annealing the photoresist.

5. The method of claim 1, wherein the etching step results
in the recess extending through the entire thickness of the
clectrode-defining layer.

6. The method of claim S, wherein the etching step 1s a first
ctching step, the method further comprising performing a
second etching step resulting 1n the recess further extending
into the III-N material structure.

7. The method of claim 1, further comprising forming an
additional dielectric layer having a thickness between the
clectrode-defining layer and the 11I-N material structure.

8. The method of claim 7, wherein the etching step results
in the recess further extending through the entire thickness of
the additional dielectric layer.

9. The method of claim 7, wherein the device further com-
prises a passivation layer having a thickness between the
clectrode-defining layer and the additional dielectric layer.

10. The method of claim 9, wherein the etching step results
in the recess further extending through the entire thickness of
the passivation layer.

11. The method of claim 1, wherein the electrode 1s an
anode and the III-N device 1s a diode.

12. The method of claim 1, wherein the electrode 1s a gate,
and the III-N device 1s a transistor.
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13. The method of claim 1, wherein the etching step results
in the sidewall forming an effective angle of about 40 degrees
or less relative to the surface of the 11I-N material structure.

14. The method of claim 1, wherein the etching step results
in at least one of the steps 1n the sidewall having a first surface
that 1s substantially parallel to the surface of the I1I-N material
structure and a second surface that is slanted, the second
surface forming an angle of between 5 and 85 degrees with
the surface of the III-N matenal structure.

15. A method of forming a semiconductor device, compris-
ng:

forming an electrode-defining layer having a thickness on

a surface of a III-N semiconductor material structure
that has a 2DFEG formed therein;

patterning a photoresist layer over the electrode-defining
layer, the photoresist layer including an opening having,
a width;
performing a first etch, the first etch comprising etching the
clectrode-defining layer beneath the opening to form a
recess therein, the recess having a sidewall;
alter etching the eclectrode-defimng layer, performing a
second etch which removes a portion of the masking
layer without entirely removing the masking layer, the
second etch increasing the width of the opening 1n the
masking layer;
alter performing the second etch, performing a third etch
which etches more of the electrode-defining layer
beneath the opening and extends the recess;
removing the photoresist layer; and
forming an electrode 1n the recess,
wherein the method further comprises redistributing the
photoresist in the photoresist layer prior to performing
the first etch; wherein redistributing the photoresist
causes the masking layer to have slanted sidewalls ad;a-
cent to the opening.
16. The method of claim 135, wherein redistributing the
photoresist comprises thermally annealing the photoresist.
17. The method of claim 15, wherein the first etch or the
third etch results in the sidewall of the recess being a slanted
sidewall.
18. The method of claim 15, wherein the second etch is a
substantially 1sotropic etch.
19. The method of claim 15, wherein the second etch
removes the portion of the masking layer without substan-
tially etching the electrode-defining layer.
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